Introduction
The development of light-emitting electrochemical cells (LECs) with ionic transition-metal complexes (iTMCs) as emitters initially used ruthenium(II) complexes based on [Ru(bpy) 3 2 
(bpy)]
+ (Hppy = 2-phenylpyridine). 3 While LECs and
OLEDs (organic light-emitting diodes) based on Ir-iTMCs remain an active area of research, attention has recently turned to the use of Cu-iTMCs. 3, 4, 5 In contrast to ruthenium and iridium, copper is Earth-abundant and thus leads to low-cost LECs. McMillin first demonstrated the potential of copper(I)-based emitters, 6, 7 and the most studied families for LECs are
[Cu(POP)(N^N)] + and [Cu(xantphos)(N^N)] + complexes (POP = bis(2-(diphenylphosphino)phenyl)ether, xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene and N^N is usually a derivative of bpy or phen)). 8, 9, 10, 11, 12, 1314, 15, 16 In [Cu(POP) , the emission properties of the Cu-iTMC can be altered by introducing substituents into the 6-and 6'-positions of bpy or the 2-and 9-positions of phen. 6, 9, 10 Significant enhancement of LEC performance is observed with the introduction of simple alkyl groups (methyl or ethyl) at these positions. 10 Monomeric copper(I) complexes with halido ligands coordinating the copper atom, as well as dimeric complexes with bridging halido ligands between the copper atoms, show good emissive properties, largely because they exhibit thermally activated delayed fluorescence (TADF), and are promising materials for light-emitting devices. 17, 18, 19, 20, 21, 22 We have previously investigated the effects of introducing peripheral halosubstituents into [Cu(P^P) (6, 6 28 We now explore the effects on the [Cu(P^P)(bpy)][PF 6 ] complexes of introducing chloro-and bromo-substituents into the bpy domain using 6-or 6,6'-substitution patterns on the [Cu(P^P)(bpy)][PF 6 ] complexes. We were interested in determining whether stabilization of the copper(I) tetrahedral geometry brought about by introducing halo-groups into the 6-position of the bpy unit would be beneficial in terms of enhanced photophysical properties and LEC performance compared to the use of alkyl groups. 9, 10 Alkyl groups are weakly electron donating (+I), and halogen atoms can have a positive inductive effect on the ortho and para positions of a π system (the so-called +I π effect) in combination with a +M effect. 29 We argued that these two combined effects should have an influence on the orbital characteristics of the complex, the HOMO-LUMO gap and, therefore, the colour of the emission.
Scheme 1.
Structures of ligands with ring and atom labels for NMR spectroscopic assignments.
Experimental
General 1 H, 13 C and 31 P NMR spectra were recorded at room temperature using a Bruker Avance III-500 or III-400 NMR spectrometer. 1 H and 13 C NMR chemical shifts were referenced to residual solvent peaks with respect to δ(TMS) = 0 ppm, and 31 P NMR chemical shifts with respect to δ(85% aqueous H 3 PO 4 ) = 0 ppm. Solution absorption and emission spectra were measured using an Agilent 8453 spectrophotometer and a Shimadzu RF-5301PC spectrofluorometer, respectively.
Electrospray ionization (ESI) mass spectra were recorded on a Bruker esquire 3000plus or Shimadzu LCMS-2020 instrument. Photoluminescence quantum yields (PLQYs) for CH 2 Cl 2 solution and powder samples were measured using a Hamamatsu absolute photoluminescence (PL) quantum yield spectrometer C11347 Quantaurus-QY. The system performs absolute measurements and does not require known reference standards. Emission lifetimes and powder emission spectra were measured with a Hamamatsu Compact Fluorescence lifetime Spectrometer C11367 Quantaurus-Tau, using an LED light source with λ exc = 365 nm. Low temperature photoluminescence spectra and lifetime were obtained using an LP920-KS instrument from Edinburgh Instruments. 410 nm excitation was obtained from pulsed third-harmonic radiation from a Quantel Brilliant b Nd:YAG laser equipped with a Rainbow optical parameter oscillator (OPO). The laser pulse duration was ~10 ns and the pulse frequency 10 Hz, with a typical pulse energy of 7 mJ. Detection of the spectra occurred on an iCCD camera from Andor. Single-wavelength kinetics were recorded using a photomultiplier tube.
PLQY for thin films was measured on quartz substrates and the complexes were deposited by spin-coating using the same solutions employed in the preparation of the devices. The PLQY was measured with a Hamamatsu C9920 absolute quantum yield spectrometer. The system performs absolute measurements and does not require known reference standards. The low temperature setup consists in an integrating sphere with a double walled quartz dewar filled with liquid nitrogen. Compounds were dissolved at room temperature in 2-methyltetrahydrofuran (Me-THF) and the solutions were transferred into quartz cuvettes. The cuvettes were immersed in the liquid nitrogen and the PLQY was measured at low temperature.
The compounds 6,6'-dichloro-2,2'-bipyridine (6,6'-Cl 2 bpy) 30 and were prepared using literature methods and the NMR spectroscopic data of 6,6'-Cl 2 bpy matched those reported. POP was purchased from Acros, xantphos from Fluorochem, 6-bromo-2,2'-bipyridine (6-Brbpy) and 6,6'-dibromo-2,2'-bipyridine (6,6'-Br 2 bpy) from TCI chemicals. All chemicals were used as received.
[Cu(POP) ( Becke's three-parameter B3LYP exchange-correlation functional 42, 43 was used together with the "double-ζ" quality def2svp basis set for C, H, Br, Cl, N and O atoms and the "triple-ζ" quality def2tzpv basis set for Cu atoms. 44, 45 The D3
Grimme's dispersion term with Becke-Johnson damping was added to the B3LYP functional (B3LYP-D3) to get a better description of the intramolecular non-covalent interactions. 46, 47 These interactions are expected to play a relevant role in determining the molecular geometry of the studied complexes owing to the presence of the bulky POP and xantphos ligands. The geometries of all the complexes in both their singlet ground electronic state (S 0 ) and their lowest-energy triplet excited state (T 1 ) were optimized without imposing any symmetry restriction. For T 1 the spin unrestricted UB3LYP approximation was used, with a spin multiplicity of three. The lowest-lying excited states of each complex, both singlets and triplets, were computed at the minimum-energy geometry optimized for S 0 using the time-dependent DFT (TD-DFT) approach. 48, 49, 50 TD-DFT B3LYP calculations were performed both using the def2svp2+def3tzpv basis set, explained above, and the 6-31G** basis set for non-copper atoms 51 plus the "double-ζ" quality LANL2DZ basis set for the Cu atom.
52
The 6-31G**+LANL2DZ basis set leads to absorption and emission energies in good accord with experimental results, whereas the results obtained with the def2svp2+def3tzpv basis set largely underestimate the experimental energies and are not discussed. The S 1 and T 1 states were also optimized using the TD-DFT approach and the 6-31G**+LANL2DZ and def2svp2+def3tzpv basis sets to obtain a better estimate of the adiabatic energy difference separating the minima of these two states. All the calculations were performed in the presence of the solvent (CH 2 Cl 2 ). Solvent effects were considered within the selfconsistent reaction field (SCRF) theory using the polarized continuum model (PCM) approach. 6 ] (>98.5%, Sigma-Aldrich) in butan-2-one in a molar ratio of 4:1. The solutions were filtered through 0.25 µm pore filters and immediately spin-coated on the substrate at 1500 rpm for 60 s, resulting in a 110 nm thick emitting layer. The devices were then transferred to an inert atmosphere glovebox (<0.1 ppm O 2 and H 2 O), where a layer of aluminium (100 nm, the top electrode) was thermally evaporated onto the devices using an Edwards Auto500 evaporator integrated in the glovebox. The active area of each pixel in the devices was 6.5 mm 2 . The devices were not encapsulated and were characterized inside the glovebox at room temperature. The same solutions employed in the preparation of the devices were also deposited on quartz substrates and used for the evaluation of the photoluminescence quantum yield with a Hamamatsu absolute quantum yield C9920. The device lifetime was measured by applying a pulsed current (block wave at 1 kHz frequency with a 50% duty cycle) while monitoring the voltage and luminance versus time by a True Colour Sensor MAZeT (MTCSiCT Sensor) with a Botest OLT OLED Lifetime-Test System. The average current density is determined by multiplying the peak current density by the time-on time and dividing by the duty cycle. The average luminance is directly obtained as the average from a photodiode and calibrated with a luminance meter. The electroluminescent (EL) spectra were measured using an Avantes AvaSpec-2048 Fiber Optic Spectrometer during device lifetime measurement.
Results and discussion

Synthesis and characterization of [Cu(P^P)(N^N][PF 6 ] complexes
The 6 ] with N^N = 6,6'-Cl 2 bpy, 6-Brbpy or 6,6'-Br 2 bpy were isolated as yellow or orange solids in yields of 60 to 96%. All compounds were characterized by mass spectrometry, elemental analysis, and multinuclear NMR spectroscopies using 2D methods to assign the spectra. Details are given in the Experimental Section. (Fig. S2 †) , the POP and xantphos ligands are each disordered over two sites, each with 50% occupancy.
Structural characterization
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In each of the four complexes, the copper(I) centre exhibits a distorted tetrahedral geometry, with the angles between the planes containing the CuN 2 and CuP 2 units lying in the range 82.0 to 89.5°. For the cations with xantphos, the angles between these planes are close to the 90° of an ideal tetrahedral coordination geometry (89.5° for [Cu(xantphos)(6,6'-Cl 2 bpy)] + and 87.0° for [Cu(xantphos)(6-Brbpy)] + ). These are also the cations in which the bpy ligand is twisted the least, with N-C-C-N torsions of ≈1°. The Cu-P and Cu-N bond distances as well as the N-Cu-N and P-Cu-P chelating angles are unexceptional for all the complexes (Table 1) . In the structure of [Cu(POP)(6-Brbpy)][PF 6 ] ( Fig. 1) , there are two π-stacking interactions with parameters within the range described by Janiak. 57 The ring of the POP backbone that includes C18 and the phenyl ring that includes C30 have a centroid···centroid distance of 3.72 Å; the angle between the ring planes is 13.7°, making this a non-optimal interaction. The second π-stacking contact is between the rings containing C12 and N2 ( Fig. 1 ) with a centroid···centroid distance of 3.71 Å and inter-plane angle of 9.8°. The Cu1···Br1 distance is 3.5017(3) Å, indicating little or no interaction between these atoms. In the [Cu(xantphos)(6-Brbpy)] + cation (Fig. 2) , the phenyl rings with C17 and C38 exhibit a π-stacking interaction with a centroid···centroid distance of 3.83 Å and an angle between the ring planes of 7.0°. 
Electrochemistry
The electrochemical behaviour of the heteroleptic complexes was investigated using cyclic voltammetry (CV) and the oxidation potentials !/! !" are summarized in 59 higher oxidation potentials are observed for the halo-substituted complexes owing to the electron-withdrawing effect of the halo-groups on the coordinating nitrogen atoms. Halogen atoms next to the nitrogen in the bpy unit therefore have the combined effect of stabilizing the tetrahedral geometry and decreasing the electron density at the nitrogen donor. Table 1 and S2 †). The differences between theoretical and X-ray geometries are largely due to the fact that the former are obtained for an isolated molecule optimized in solution and do not take into account the packing forces acting in the solid state. The intermolecular forces reduce the coordination distances and the torsion angles and increase the chelating angles.
For the xantphos-containing complexes, two minimumenergy structures were found for [Cu(xantphos)(6-Brbpy)] + with a very small energy difference of ≈0.60 kcal mol between them (Fig. S4 †) . One of these structures closely resembles that obtained from X-ray diffraction, featuring the π-stacking between the phenyl ring attached to P1 and containing C17 and the one attached to P2 and containing C38, with a centroid···centroid distance of 3.80 Å; this is in good agreement with the experimental value (3.83 Å, Fig. 2 ). In the second structure with a slightly lower energy, this stacking does not occur and instead, there is π-stacking between the phenyl ring attached to P1 and including C13 and the ring of the pyridine including N2, with a centroid···centroid distance of 3.84 Å. The existence of the two minima and their relative energy ordering was also reproduced in the gas-phase. However, only the lower energy structure was converged for [Cu(xantphos)(6,6'-Cl 2 bpy)] The geometry of the first triplet excited state (T 1 ) was also optimized at the UB3LYP level for all the [Cu(P^P)(N^N)] + cations, and the most significant geometry parameters are also summarized in Table S2 †. The molecular geometry in the T 1 state significantly differs from that in the ground state S 0 . As explained below, the T 1 state implies a charge transfer from a d orbital of the Cu atom to a molecular orbital centered on the bpy ligand. The metal atom is therefore partially oxidized and tends to adopt the square-planar coordination sphere commonly found for four-fold coordinated d 9 Cu(II) complexes, rather than the tetrahedral coordination exhibited in the ground state and typical of d 10 Cu(I) coordination complexes. This trend is easily verified by the angle formed by the N−Cu−N and P−Cu−P planes, which decreases on going from S 0 to T 1 as the molecule becomes more planar ( complexes, respectively. These trends are in good accord with those previously reported for similar complexes bearing CF 3 or CH 3 groups in 6,6'-positions of the bpy ligand. 58 Therefore, the distortion from the tetrahedral structure on going from S 0 to T 1 is limited by the number and size of substituents in the 6,6'-positions. Fig. 3 shows the energies and the atomic orbital compositions calculated for the highest-occupied (HOMO) and lowest-unoccupied molecular orbital (LUMO) of the studied complexes. As the topology of the orbitals does not significantly differ along the series, only the molecular orbitals of the complexes with N^N = 6,6'-Cl 2 bpy are displayed. As previously reported for this type of complexes, 10,58 the HOMO appears mainly centred over the metal and the phosphorus atoms, with small contributions from the phenyl rings, and the LUMO is exclusively located on the bpy ligand. As the HOMO is centred on a region of the complex that is structurally unaltered along the series containing the POP and xantphos P^P ligands, its energy only features small variations. All the HOMOs of the bpy-substituted complexes have energies in a range of 0.1 eV and are slightly more stable than those of the corresponding reference complexes, in good agreement with the experimental trends observed for the oxidation potentials ( Table 2 ). The evolution of the LUMOs is more complex (Fig. 3) . As expected, 59 ,60 the attachment of the electron-withdrawing halogen substituents to the bpy ligand where the LUMO is located induces the stabilization of this orbital. The addition of a single Br atom stabilizes the LUMO by 0.15 and 0.09 eV (for POP and xantphos containing complexes, respectively), whereas the introduction of two Cl or Br atoms in the 6,6'-positions approximately doubles this stabilization, the effect being more pronounced for the [Cu(POP)(6,6'-Br 2 bpy)] + complex. The HOMO−LUMO gap of all the substituted complexes is narrower than that of the reference complexes, and decreases in passing from mono-to bis-halo-substituted complexes (Fig. 3) . This HOMO−LUMO gap is usually employed as a first approach to predict the relative energy of the lowest-energy singlet (S 1 ) and triplet (T 1 ) excited states, which are generally described as originating from the HOMO → LUMO excitation in this type of complexes. Based on this assumption, it is to be expected that all the substituted complexes feature S 1 and T 1 at lower energies than the reference complexes, and thus exhibit absorption/emission wavelengths further towards the red. Among them, 6,6'-disubstituted complexes are expected to present a larger red shift than their monosubstiuted analogues. However, as discussed below, these predictions are useful to explain the absorption processes taking place at the ground state minimum-energy geometry (Frank-Condon region), but when studying emission processes, the geometry relaxation of the excited states, will affect in a great extent the order of the emission energies.
Photophysical properties and excited states
The solution absorption spectra of the complexes in CH 2 Cl 2 are displayed in Fig. 4 . In addition to high energy bands assigned to ligand-based transitions, the complexes show broad metal-toligand charge transfer (MLCT) bands in the range 350 to 470 nm, which are typical of [Cu(P^P)(bpy)][PF 6 ] complexes. 10, 16 Values of λ max for the MLCT bands depend on the bpy ligand but show no dependence on the P^P ligand (see Fig. S5 †) . The MLCT bands for the complexes with 6-Brbpy are the most blue-shifted, in good agreement with the larger HOMO−LUMO gaps predicted for these complexes (Fig. 3) . A change from 6,6'-Br 2 bpy to 6,6'-Cl 2 bpy has little effect on λ max of the MLCT bands.
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J. Name., 2012, 00, 1-3 | 9 To further investigate the nature of the electronic states giving rise to the absorption spectra, the lowest-lying singlet and triplet excited states were calculated for all the complexes using the time-dependent DFT (TD-DFT) method. The vertical B3LYP/(6-31G**+LANL2DZ) excitation energies computed for S 1 and T 1 at the optimized geometry of S 0 are collected in Table 3 . B3LYP/(def2svp+def2tzvp) calculations lead to identical trends, but underestimate the excitation energies (Table S3 †) . The main contribution (>95%) to S 1 and T 1 is in all cases the HOMO → LUMO monoexcitation, which implies an electron transfer from the Cu(P^P) environment to the bpy ligand (Fig. 3) , thus supporting the MLCT character of these states. Since no other singlet state with significant oscillator strength (f > 0.01) appears above 350 nm, S 1 is responsible for the low-energy absorption band observed in the 350-450 nm region (Fig. 4) . The energies predicted for the S 0 →S 1 transition are in good accord with the experimental values of the lowenergy absorption band and fully support the relative positions recorded for this band. The attachment of the halogen substituents shifts the absorption to the red compared to the unsubstituted reference complexes, the redshift being more pronounced for the 6,6'-substituted complexes with very little effect in changing from from 6,6'-Br 2 bpy to 6,6'-Cl 2 bpy (Table  3 ). The following transition with f > 0.01 mainly results from the HOMO→LUMO+1 monoexcitation (>95%) and also has an MLCT character. This transition is calculated around 330 nm and accounts for the shoulder observed on the low-energy side of the high-intensity band around 300 nm (Fig. 4) . The bands below 300 nm mainly correspond to π→π* transitions involving the ligands. The theoretical spectra simulated for complexes with 6,6'-Cl 2 bpy (Fig. S6 †) perfectly reproduce the shape of the experimental spectra. Table 3 Vertical excitation energies (E) calculated at the TD-DFT B3LYP/(6-31G*+LANL2DZ) level for the lowest singlet (S1) and triplet (T1) excited states of the [Cu(P^P)(N^N)] + complexes in CH2Cl2 solution. S0→S1 oscillator strengths (f) are given within parentheses. The energy of the T1 state at its fully optimized TD-DFT geometry is given in the last column.
Complex cation S1 T1 T1 (relaxed) The emission spectra of the complexes in solution (CH 2 Cl 2 , 2.5 × 10 −5 mol dm
) are shown in Fig. 5 and the photophysical properties are summarized in Table 4 . The complexes are emissive in the orange to red region with !" !"# between 600 and 650 nm and the bands are structured with two emission maxima. As observed for the MLCT bands in the absorption spectra, the exchange of the P^P chelating ligand has little effect on the emission wavelength in solution. A small hypsochromic shift of the emission is observed for the halosubstituted complexes with respect to those with unsubstituted bpy (Table 4) . Within the series of complexes, a bathochromic shift is observed for the emission maxima of the complexes containing 6-Brbpy with respect to those with 6,6'-Br 2 bpy and 6,6'-Cl 2 bpy (Fig. 5) . TD-DFT calculations or HOMO−LUMO gaps. The T 1 state for all the halo-substituted complexes is indeed calculated to be lower in energy than for the unsubstituted complexes (Table 3) , and the former present a smaller HOMO−LUMO gap (Fig. 3) . Therefore, as observed for the absorption, a bathochromic shift of the emission had to be expected upon halo-substitution, but the opposite is found experimentally (Table 4) . To explain this behaviour, it should be remembered that absorption takes place at the optimal equilibrium geometry of S 0 , at which HOMO−LUMO gaps and TD-DFT vertical excitation energies are calculated, whereas emission occurs at the T 1 relaxed geometry. As discussed above, Cu(I) complexes undergo a very important geometrical relaxation in the T 1 state because of the relative planarization of the tetrahedral structure. As a result, the (Table 4 ). This picture is fully confirmed when we compare the vertical TD-DFT energy calculated for T 1 at the S 0 optimal geometry, which should be related to absorption energies, with the energy calculated after full TD-DFT relaxation of the T 1 geometry (Table 3) , which has to be related to emission energies. The T 1 state of the unsubstituted reference complexes undergoes a lessening of 1.32 eV upon relaxation, and these complexes present the lowest T 1 energy. For the 6,6'-halo-substituted complexes, the energy of T 1 decreases in a lower degree (0.9-1.0 eV) due to the restricted geometry relaxation, and these complexes have the highest (Table 3) . Therefore, the energy order predicted for the relaxed T 1 state perfectly matches the experimental emission energies in solution (Table 4) . The presence of two emission maxima in the bands of the solution spectra (Fig. 5) . As has been previously reported for similar Cu(I) complexes, 61, 62 these energy differences are indeed small enough to allow TADF at room temperature. 17 Within each series, the energy difference between S 1 and T 1 is slightly higher for complexes with N^N = 6-Brbpy, making TADF less favourable for them, which could explain the smaller experimental intensities of the more hypsochromic maxima featured by these complexes (Fig. 5) . 58 The complexes are yellow to orange emitters in the solid state (Fig. 6) . The blueshift on going from solution to powder (Table 4) is typically observed for these [Cu(P^P)(N^N)] + cations and can be explained in terms of the rigidity of the environment in the solid state, which severely restricts the geometrical relaxation discussed above for the emitting T 1 state. The influence of the bisphosphane ligand on the photophysical properties in the solid state strongly depends on the bpy ligand. For the complexes with 6,6'-Cl 2 bpy, the emission maxima are similar for both the POP and xantphos complexes, and the PLQY values are of the same order of magnitude. In the complexes with 6-Brbpy, the effects of the phosphane ligands differ strongly; [Cu(xantphos)( 6 ] show a noteworthy blue-shift compared to the complexes with unsubstituted bpy. However, we note that packing interactions have a strong influence on the geometry relaxation of the emitting state and, therefore, on the solid state emission maxima, and that the observed effects are most probably due to geometrical effects. Table 4 .
To further investigate the emission processes, the lowtemperature emission spectra of the complexes were recorded in frozen solutions of Me-THF at 77 K (Fig. S7 †) . The PLQYs of the complexes are significantly enhanced compared to those 6 ]. At 77 K, the thermal population of S 1 from T 1 is more difficult and TADF would be reduced or even completely impeded, pointing to the slower phosphorescence as the main contributor to the emission in agreement with the higher τ values. The emission maxima are red-shifted with respect to powder only for the complexes with unsubstituted bpy and 6-Brbpy and for [Cu(xantphos)(6,6'-Br 2 bpy)][PF 6 ], but not for the complexes with 6,6'-Cl 2 bpy and for [Cu(POP)(6,6'-Br 2 bpy)][PF 6 ]. This might be due to the degree of geometry relaxation achieved by the emitting T 1 state in frozen Me-THF and in powder. 
Device properties
The series of compounds were tested in LECs in a double layer architecture, using PEDOT:PSS and the emissive layer sandwiched between ITO and aluminium electrodes. The active layer contained the respective copper(I) complex mixed with the ionic liquid [Emim] [PF 6 ] with a molar ratio of 4:1 (Cu complex:IL). LECs were operated using a block-wave pulsed current of either 50 or 100 A m -2 (1 kHz and 50% duty cycle).
Despite their promising photoluminescence properties, the bromo-substituted complexes did not show any electroluminescence. This phenomenon is still not well understood, but it is in line with previous reports on similar Cu(I) 16 6 ] show very similar yellow electroluminescence with maxima at 586 and 587 nm, respectively (Fig. 7) . The electroluminescence is similar to the photoluminescence of thin and 589 nm for [Cu(xantphos)(6,6'-Cl 2 bpy)][PF 6 ]. The corresponding PLQYs, 7.5% for the POP and 10.5% for the xantphos containing complex, are lower than in the powders, which is attributed to the higher flexibility of the complexes in the presence of the ionic liquid. The devices show very fast turn-on times (t on ), acceptable luminance but relatively poor stability (Fig. 8, 9 , S9 †, S10 † and Table 5 ). These results illustrate again the previously observed trade-off between either a brightly shining or long-living device. 10 Although substitution of the bpy ligand with chloro-substituents in the 6,6'-positions is detrimental to the device lifetime, we have shown the positive effects on the turn-on time and efficiency of the devices. 6 ] (21.8%) as compared to the complexes with 6,6'-Cl 2 bpy (7.5 and 10.5%, respectively). As a result, the devices using copper(I) complexes with 6,6'-Cl 2 bpy perform at about 60 and 80% of their theoretical EQE, respectively, which is remarkable for simple single-layer electroluminescent devices. We observed a detrimental effect of the bromo-substitution, hindering the charge transport within the active layer and resulting in the absence of electroluminescence. Substitution with the chlorine atoms undermines the device stability, but further studies are needed to rationalize the cause of this behavior, which might originate from the oxidation of the complex, dissociation of the ligand or other electrochemical processes in the cell.
In future studies, we will explore bpy ligands that combine alkyl and halo-substituents, and will also investigate the effects of introducing halogen atoms in different substituent positions.
Electronic supplementary data to accompany
Luminescent Cu(I) complexes with bisphosphane and halogen-substituted 2,2'-bipyridine ligands Sarah to 4.5 GPa). Colour change from violet to light blue with increasing pressure. H atoms omitted, and ellipsoids are plotted at 50% probability level except for the highest pressure (4.5 GPa) structure which was refined anisotropically. The Cu-N and Cu-P bond distances decrease slightly as the pressure increases; e.g. Cu1-P1 changes from 2.250(6) Å at 0.16 GPa to 2.170(3) Å at 4.5 GPa, and Cu1-N2 from 2.110(14) to 2.017(4) Å, and the angle between the planes of the CuP 2 and CuN 2 units decreases from 83.63° to 86.09°. a, b Two different conformations were optimized for the [Cu(xantphos)(6-Brbpy)] + complex that mainly differ in the orientation of the phenyl rings of the xantphos ligand (Fig. S3) . The structure labeled with "a" is more similar to the reported X-Ray structure and is depicted in Fig. S3a , whereas the structure labeled with "b" corresponds to that displayed in 
